To date, at least six CREB-like molecules have been axon that attempts regeneration faces both inhibitors of identified, and they act by forming homo-or heterodimregeneration in myelin and a physical barrier presented ers, before binding to CRE sequences to regulate tranby a glial scar (
2002). In an injured CNS, an
To date, at least six CREB-like molecules have been axon that attempts regeneration faces both inhibitors of identified, and they act by forming homo-or heterodimregeneration in myelin and a physical barrier presented ers, before binding to CRE sequences to regulate tranby a glial scar Schwab and Bartholdi, 1996;  scription ( Here, we show that activation of CREB, or a CREB-like molecule, is also required to overcome inhibition by MAG and myelin in response to either dbcAMP or the neurotrophin brain-derived neurotrophin factor (BDNF). Activation of CREB, alone, is sufficient to overcome inhibition by myelin and to promote spinal axon regeneration in vivo. Furthermore, activation of CREB is required for either db-cAMP or BDNF to upregulate Arg I. These results not only help us expand our understanding of the signaling pathway that allows cAMP to overcome inhibition by MAG and myelin and encourage regeneration in vivo, but they also reveal yet another system in which CREB activation appears to be essential, in this case axonal regeneration in an inhibitory environment. respectively, regardless of whether they are infected To do this, cerebellar neurons were plated onto poly-lwith any of the viral constructs (Cai et al., 1999; Mukholysine and incubated in the presence or absence of padhyay et al., 1994). Furthermore, the percent inhibition BDNF or db-cAMP for various times before being lysed relative to control was the same regardless of whether and activation determined by assessing levels of Ser133-we measured the longest neurite from each neuron or phosphorylated-CREB (phospho-CREB) by Western blotthe total process length (data not shown). In sharp conting. As shown before, both BDNF and db-cAMP induce trast, unlike uninfected or control-infected neurons, activation of CREB. For BDNF, the peak of activation is where db-cAMP blocks inhibition, it has no effect on between 15 and 30 min, and by 120 min activated CREB inhibition by MAG of neurons expressing A-CREB. In a has returned to control levels. In contrast, for neurons similar manner, the ability of priming with either BDNF treated with db-cAMP, by 5 min phospho-CREB is apor NGF to overcome inhibition is blocked by expression parent, with activation peaking at about 60 min, but it of A-CREB ( Figure 2D ). This is not a general effect on is still strong at 120 min. Therefore, db-cAMP activates growth, as neurons expressing A-CREB are unaffected CREB by phosphorylation of Ser133 more robustly and in their ability to extend long neurites on control CHO for longer than BDNF (Figure 1) . cells not expressing MAG. In other controls, infection To determine if activation of CREB is required to overwith WT-CREB-containing virus or control virus has no come inhibition by MAG by either priming with BDNF effect on the ability of neurotrophins or db-cAMP to or addition of db-cAMP, a dominant-negative CREB, overcome inhibition by MAG ( Figures 2B-2D) . In addi-A-CREB, was used. We first confirmed that in our hands tion, under the conditions used here, as assessed by A-CREB was indeed behaving in a dominant-negative comparing the number of live and dead cells under the fashion using a reporter gene system (data not shown).
Results
various conditions, using probes that measure two recTo assess the effect of A-CREB on neurite outgrowth, ognized parameters of cell viability, calcein AM (live both cerebellar and DRG neurons were infected with cells) and ethidium homodimer (dead cells) uptake, it the A-CREB-containing, wild-type CREB-containing, or was clear that expression of A-CREB has no effect on control adenoviruses before being plated onto mononeuronal survival, regardless of the substrate used layers of MAG-expressing Chinese hamster ovary (CHO) (Supplemental Figure S1 at http://www.neuron.org/cgi/ cells or control CHO cells. Figure 2A shows a typical infected cerebellar neuron, expressing GFP, which is content/full/44/4/609/DC1/). Neurons Expressing Constitutively Active CREB rons that were both GFP and GAP43 positive. Figure 3C shows that DRG neurons that express VP16-CREB are Are Not Inhibited by MAG To address whether activation of CREB alone is suffinot inhibited by MAG, while control-infected neurons are inhibited to the same extent as we routinely find cient to overcome inhibition by MAG, a constitutively active form of CREB, VP16-CREB, was used (Barco et for uninfected neurons, by about 40%. These results suggest that activation of CREB is sufficient to change al., 2002). The VP16-CREB chimeric cDNA was inserted into an adenovirus delivery vector that also contained the neuron's response to MAG such that it is no longer inhibited. the GFP cDNA. The expression of the transgene is regulated by the tTA/tetO system such that expression of the transgene is obtained only after coinfection with
Neurons from a Transgenic Mouse Expressing Constitutively Active CREB Are Not tTA-expressing adenovirus and in the absence of Dox. and data not shown). Instead, we used hippocampal outgrowth; neurite length is the same on MAG-expressing and on control CHO cells. Likewise, these hippocamneurons from 1-month-old mice. Figure 4A shows that there is robust expression of the VP16-CREB transgene pal neurons expressing the VP16-CREB transgene are not inhibited by myelin ( Figure 4B ). In contrast, when in hippocampal neurons, but no expression in DRG neurons, in mice 1 month old and 4 months old that were the same transgenic mice are maintained on Dox and the VP16-CREB is not expressed, MAG inhibits neurite not fed Dox. Hippocampal neurons from 1-month-old mice were then used in the neurite outgrowth assay.
outgrowth by about 60%, and relative to growth on polyl-lysine, myelin inhibits neurite outgrowth by about 70% Figure 4C shows that for neurons from transgenic mice expressing VP16-CREB, MAG has no effect on neurite ( Figures 4B and 4C) . Therefore, consistent with what we Previously, we showed that, at a concentration of 1 mM db-cAMP, activation of the Mek/Erk pathway as well as the PKA pathway is required to overcome inhibition, while at 2 mM db-cAMP only activation of PKA is required (Gao et al., 2003) . Figure 7A shows that this is also true for db-cAMP-induced activation of CREB. At 1 mM db-cAMP, activation of CREB is reduced, and the ability to overcome inhibition is blocked by either a PKA or a Mek/Erk inhibitor but not by inhibitors of PI3K or CaMK ( Figures 7A and 7B) . However, at 2 mM db-cAMP, by BDNF but Not by db-cAMP to below the Level Required to Overcome Inhibition by MAG Previously, we showed that to overcome inhibition neurons needed to be exposed to neurotrophins before they ent signaling cascades, each of which results in activation of CREB and transcription of a variety of genes encountered the inhibitor. In contrast, prior exposure of the neuron to db-cAMP was not required to overcome (Kaplan and Miller, 2000). To determine which of these signaling pathways is required for the priming effect of inhibition (Cai et al., 1999) . Our working hypothesis is that MAG and myelin activate a heterotrimeric G protein BDNF, the effect of inhibitors of these different pathways was assessed on both phosphorylation of CREB and Gi/Go, which inhibits adenylate cyclase, the enzyme that synthesizes cAMP, and so attenuates cAMP accumulathe ability of priming with BDNF to overcome inhibition. When inhibitors of protein kinase A (H89), PI3K (LY), tion in response to neurotrophin. Therefore, cAMP must be allowed to accumulate and trigger downstream pathErk (U0126), or CaM kinase (KN62) were each included during priming with BDNF, activation of CREB was reways before adenylate cyclase is inhibited by interaction with MAG/myelin. On the other hand, when cAMP is duced in each case but not completely abolished ( Figure  6A ). This suggests that it is the additive effect of these artificially elevated by addition of db-cAMP, it is independent of adenylate cyclase, and so priming is not signaling cascades that accounts for the final activation of CREB in response to BDNF. To assess the effect of required. Here, we sought to determine if the ability of BDNF and db-cAMP to activate CREB is affected by these various inhibitors on the ability of BDNF to block inhibition by MAG, cerebellar neurons were primed with the presence of inhibitor, and for this we used myelin. Cerebellar neurons were cultured on either a substrate BDNF, with and without the inhibitors, before being cultured on MAG-expressing or control CHO cells. . To assess if activation of CREB can achieve the than for those treated with BDNF. When neurons are same effect, VP16-CREB-containing adenovirus was incultured on myelin, in the absence of stimulus, again jected into L4 DRG, 4 days before the dorsal column phospho-CREB is barely detectable. However, when axons were lesioned. Figure 9A shows that at 4 days BDNF is added to neurons on myelin, unlike when it postinjection, a considerable number of DRG neurons is added to neurons on poly-l-lysine, the increase in are infected, as they are positive for the GFP reporter phospho-CREB was greatly reduced, while addition of and the neuronal marker ␤-III tubulin. Importantly, these db-cAMP still induces strong activation of CREB. As a neurons also express the transgene, as they are positive control, myelin has no effect on the ability of BDNF to for VP16-protein ( Figure 9A) . Hence, at the time of dorsal activate Erk (Supplemental Figure S3 at http://www. column lesion, at 4 days postinjection, a proportion of neuron.org/cgi/content/full/44/4/609/DC1/). There-DRG neurons are expressing constitutively active CREB. fore, at both the immunocytochemical level and as estiAs a control, DRGs were injected with control adenovirus expressing only the GFP reporter. The animals were mated from Western blotting, the presence of myelin animals was about 600 m, while for the control animals the average was less than 200 m (Figures 9E and 9F ). Four days before sacrifice, the dorsal column axons were transganglionically traced by back filling with the In the majority of the VP16-CREB animals, axons had grown into the lesion site and beyond the lesion center, B subunit of cholera toxin (CTb), injected into the sciatic nerve. Figures 9B and 9C show the lesion site of a typical while only rarely were axons observed in the lesion site of control animals. At most, the axons in the control animal injected with VP-16 CREB-containing adenovirus, and axons that have grown up to and into the lesion animals reached the caudal edge of the penumbra but never entered the lesion site proper. Furthermore, we site are clearly visible. A few have almost reached the rostral boundary of the lesion ( Figures 9B and 9C , arrowalso showed that there was no difference in survival/ apoptosis after a dorsal column lesion of neurons inheads). In sharp contrast, in control animals CTb-traced axons were only very rarely observed close to the lesion; fected with either the control virus or the VP-16 CREB virus. Animals were injected with virus into the DRG, in the majority of cases, as is usual, the axons had retracted from the caudal boundary of the lesion (Figure and 2 days later the dorsal column axons were lesioned. After a further 2 days, the animals were sacrificed, and 9D). When the distance that axons had regenerated from the caudal edge of the lesion (where the penumbra beDRGs were assessed for expression of both GFP and ␤ III tubulin to ensure that only infected neurons were gins) was measured, the average for the VP16-CREB jected with the control virus. The results are intriguing because they also suggest that a threshold of activation of CREB is required to Discussion overcome inhibition. For BDNF, where the cumulative activation of CREB through at least four pathways is It has already been established that elevation of cAMP not as robust or as prolonged as the activation seen can overcome inhibition by MAG and myelin to encourwith db-cAMP, activation of all four pathways is required age spinal axon regeneration in a transcription-depento reach the putative threshold. In contrast, even at 1 mM dent manner (Cai et al., 1999, 2002; Song et al., 1998) .
db-cAMP, a strong activation of CREB is observed, and Now, we include activation of CREB, or a closely related it is sustained for longer than that for the BDNF refamily member, as a necessary step in this signaling sponse. However, at 1 mM db-cAMP, this strong repathway. Our working model is, then, that in response sponse is a consequence of the combined activation of to elevated cAMP, CREB is activated, and the enzyme CREB through the PKA and Mek/Erk pathways; inhibiArg I is upregulated, resulting in an increase in polyamine tors of each of these pathways attenuate the activation synthesis. Polyamines, in turn, are necessary and suffiof CREB by 1 mM db-cAMP and block its ability to cient to overcome inhibition and encourage regeneraovercome inhibition. By contrast, at 2 mM db-cAMP, tion in vivo . All the results presented here inhibition of the Mek/Erk pathway has no effect on actiare consistent with and support our developing model-a vation of CREB or on blocking inhibition. The effect at dominant-negative CREB blocks the ability of db-cAMP 2 mM db-cAMP is completely dependent on the PKA or BDNF to induce an upregulation of Arg I and to over-
pathway, consistent with what we have reported precome inhibition by MAG/myelin; a constitutively active viously, that cAMP/PKA must reach a threshold of acti-CREB is sufficient to induce upregulation of Arg I and to vation to overcome inhibition (Gao et al., 2003). overcome inhibition by MAG/myelin, an effect blocked if
It is of note that, although during priming signaling by the polyamine synthesis pathway is blocked. Impor-BDNF is required to subsequently overcome inhibition tantly, expression of activated CREB in DRGs in vivo by MAG, this same BDNF signaling is not essential for is sufficient to promote regeneration of subsequently growth when neurons are subsequently grown on conlesioned dorsal column axons. Identifying activation of trol CHO cells. This is apparent because if activation CREB as a key step in this process is crucial, because of either PI3-K or Mek, which has been shown to be it provides an important putative target for therapeutic necessary for process outgrowth in response to neurointervention to enable axonal growth through the hostile trophins (Liu and Snider, 2001) , is blocked during primenvironment of a damaged, adult CNS. Indeed, given ing with BDNF, it blocks the ability of BDNF to overcome the central role that CREB appears to play in other sysinhibition but has no effect on neurite outgrowth from tems, it is reasonable to expect that manipulation of neurons subsequently grown on control CHO cells. This CREB's activity may turn out to be pivotal in encouragcan be explained as follows. First, BDNF is only present ing regeneration. during priming, and this priming has no effect on neurite The effect of expressing constitutively active CREB length from neurons subsequently grown on control in DRG cell bodies mimics the effects of a peripheral cells in the absence of BDNF. Second, the favorable conditioning lesion on dorsal column regeneration. environment created by the CHO monolayer accounts Many studies have reported that if the peripheral branch for the good growth on control CHO cells, which is likely of DRG neurons is lesioned before the same neurons' to result in activation of numerous signaling pathways. central branch axons in the dorsal column are lesioned, This in turn allows for redundancy when any one paththese spinal axons will spontaneously regenerate (Neuway, such as PI3-K or Mek, is blocked, therefore growth mann and Woolf, 1999; Richardson and Issa, 1984). We proceeds. and others have shown this effect to be cAMP depenAlthough we have shown that upregulation of Arg I is dent (Neumann et al., 2002; Qiu et al., 2002) . Although dependent on activation of CREB, we do not know if significant, the regrowth that we observe in response this effect is direct or indirect. The Arg I promoter region to expression of activated CREB in DRGs is not as robust does not appear to contain the consensus, palindrome as the conditioning lesion effect on dorsal column regensequence TGACGTCA, which binds CREB with high aferation. This is due to a number of reasons. First, only finity. Rather, it carries a variant CRE half-site, which a fraction of the DRG neurons are infected with the virus.
can be functional but, because of lower affinity of bindThe animals do not tolerate multiple DRG injections, so ing, would not be as effective as the full CRE palindrome we were limited in the amount of virus we could deliver sequence ( dominant-negative A-CREB can block the function of a For example, short, weak activation could result in a number of CREB family members. Likewise, VP16-CREB survival effect, while a much stronger and longer activaactivity is not confined to CREB but can affect transcription is required to overcome inhibitors in myelin. The tional regulation by other family members. The specificfact that a differential effect arises from the strength of ity of the antibody we use for phospho-Ser133 CREB CREB binding is supported by the observation that the lends confidence that the namesake of the family is effect on survival of neurotrophins, unlike overcoming involved in overcoming inhibition in response to cAMP; myelin inhibitors, is independent of cAMP/PKA (Boniece it is also highly likely that other family members also and Wagner, 1993; Rydel and Greene, 1988). The impliplay a role. cation is that, although neurotrophins do indeed elevate Finally, although we have shown that upregulation of cAMP and activate PKA, this pathway is not needed to Arg I is necessary and sufficient to overcome inhibition reach the threshold of activation of CREB required for by MAG, the fact that CREB regulates numerous genes survival; activation of the Erk pathway is sufficient, besuggests that it is possible and highly likely that other cause a lower threshold of activated CREB is required. upregulated proteins can also affect regeneration. The This hypothesis in turn implies that different genes are important point here is that there are likely to be other turned on depending on the strength and duration of parallel pathways that are activated that can also overthe CREB signal. Although Arg I has been shown to be come inhibition and promote regeneration, which would an antiapoptotic agent (Esch et al., 1998) , this function broaden the spectrum of possible targets for therapeutic is not a consequence of neurotrophin signaling. It reintervention. In summary, we have identified CREB as mains to be seen, however, whether or not blocking the a central player in the ability of cAMP to overcome inhibisynthesis of polyamines has any effect on the survival tion by MAG, and in promoting spinal axon regeneration effects of neurotrophins.
in vivo, hence placing it in a pivotal position as a theraAlternatively, it is possible that at the molecular level peutic target to encourage regeneration in vivo. CREB regulation is the same but that the cellular and extracellular milieu dictate how the neuron can respond. For example, to achieve regeneration, CREB must acti- of the other serines known to contribute to the activation (He et al., 1998) . Recombinant adenovirus VP16-CREB, fuwere exposed, and the left L4 DRG was then unilaterally exposed by a partial laminectomy. Injection of the virus was carried out with sion protein between HSV VP16 (aa 363 to 490), and CREB (aas 88 to 341) (Barco et al., 2002) was constructed using the Tet-Off system a stereotaxic frame (David Kopf Instruments), using a micropipette with an OD of ‫05ف‬ m, inserted to a depth of ‫02ف‬ m (Qiu et al., from Clontech. Cerebellar or DRG neurons were isolated and plated on the poly-l-lysine-coated 24-well plates. Neurons were infected 2002). Two microliters of the viral solution (2 ϫ 10 11 pfu, VP16-CREB Ad; 3 ϫ 10 10 pfu, control Ad) was infused at a rate of 0.5 l/min, with adenovirus at a final concentration of 10 10 PFU/ml (or MOI ϭ 100) and maintained in virus-containing media for 1 hr, after which and the micropipette was left in place for a further 2 min before removal, to facilitate diffusion of the virus within the DRG and prethey were washed and the media replaced. After overnight culture to allow expression of the transgene, neurons were either primed vent "leakage." The overlying muscle was then sutured back in place, and the skin was closed using wound clips. Four days later, with neurotrophins or transferred directly to monolayers of CHO cells and incubated as described above. Neurite length was meaa dorsal column lesion was carried out as described previously (Qiu et al., 2002) , at T6-T7 in seven of the constitutively active CREBsured only from those neurons that were both GAP43 and GFP positive; in this way only infected neurons were assessed. Alternaexpressing animals and five of the control virus-infected animals. After 24 days, they were transganglionically traced with a 4 l injectively, infected neurons were lysed in sample buffer and subjected to Western blot analysis. Amersham) or mouse ␣-Glial Fibrillary Acidic Protein (Cy-3 Conjuovernight. Unadhered debris was gently washed off by PBS, and gate; 1:400; Sigma) in PBS containing 2.5% BSA and 2% Triton the neurons were transferred to monolayers of CHO cells and incu-X-100, for 1 hr. Immunofluorescence was visualized under a Nikon bated as described above. Neurite length was measured only from E400 microscope, and images were captured with a Hamamatsu those neurons that were both GAP43 and GFP positive; in this way C4742-95 camera, using Simple PCI. Once the images were mononly infected neurons were assessed. Alternatively, hippocampus taged, an image of a grid, obtained from a hemocytometer under and DRG were homogenized in sample buffer and prepared for exactly the same imaging conditions, was then superimposed on the Western blot analysis. reconstructed picture and was used for obtaining measurements.
Measurements

Immunostaining of Neurons
The section with the furthest penetration of CTb-labeled axons into Isolated cerebellar neurons (5 ϫ 10 4 ) were plated onto immobilized the lesion site was selected for each animal and used for the meamyelin or poly-l-lysine-coated chambers of an 8-well tissue culture surements. slide and incubated overnight. After 1 hr starvation with DMEM, either BDNF (200 ng/ml) or db-cAMP (1 mM) was added to the culture and incubated for 30 min. The cells were then fixed and
